Introduction
Platinum catalysts promoted by the addition of one or more admetals either to the platinum (e.g. alloying) or to the electrolyte (e.g. underpotential deposition) are the most active catalysts known for methanol oxidation (1] .
In spite of the significant strides in understanding the mechanism of oxidation on pure Pt sur-faces [2] , our understanding of why one metal is more active than another, or how admetals promote the reaction remains relatively primitive. One of the limitations of our understanding has been the absence of a systematic methodology to characterize the surface composition and structure of multimetallic catalysts. However, in the last decade there has been an explosion of new techniques for catalyst characterization that can easily be applied to electrocatalysts in the "dry" state, and some even that can be applied in-situ. The analytical techniqUes we have used in these characterization studies reviewed here will not be described in detail, but the interested reader will be referred to detailed treatments of each technique. The examples chosen to illustrate the application of these techniques will emphasize two particular bimetallic systems, Pt-Ti and PtCo. While these catalysts do not have enhanced activity for methanol oxidation, and in fact are much less active than pure Pt, they are of fundamental interest in relation to electronic theories of catalysis. Further, the characterization methodologies that have been used in the study of these two systems can be applied to any multimetallic system of interest for methanol oxidation. ..
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• ... model catalysts should also be the determination of how the surface composition changes with time under reaction conditions. 3 It is now generally agreed that Auger electron spectroscopy (AES) by itself is not a reliable method for determining the composition of the surface of an alloy due to the finite escape depth of Auger electrons (3] . However, the combination of AES with low energy ion scattering (LEISS) is probably the most reliable method for surface composition analysis available in "standard" commercial UHV instrumentation [4] . AES does permit fast and reliable determination of surface cleanliness, and is much better in this regard than LEISS alone because of the relatively small ion-scattering cross-section of low-z contaminants like c and 0 [5] . Because of the strong neutralization crosssection of low energy (a few keV) ions in metals (6] , the penetration depth of the ions is limited to only the outermost atomic layer. However, rough surfaces are a problem for LEISS, as ·the scattering angle becomes indeterminate and the elemental resolution is lose, i.e. the method is not applicable to powders.
In our experience, the ideal model multimetallic catalyst is a non-porous solid produced either by bulk fusion of the pure metals or by the sequential deposition of one metal on another with vacuum annealing. There are advantages in both approaches, and for completness both should be used. For example, in the synthesis of a supported alloy, the two metals are usually added to the support as separate phases, then heat treated to produce the alloy, requiring a reaction between the two phases. The chemistry of these reactions is crucial to producing the desired alloy composition and dispersion, and this chemistry can be observed directly using UHV surface analytical systems. We have used this approach in the study of alloy formation chemistry in both the Pt-Zr and Ti systems [7, 8] . Once the structures and compositions of the bulk alloy surfaces are determined, one can study chemisorption and reactivity of the surface to determine the effect of the admetal positioned in the surface in a specific way. As might be expected, there is a very strong electronic interaction between the Pt and the admetal·in these ordered alloys, and this has an effect on the chemisorption properties (and reactivity). Interestingly, a similar effect of intermetallic bonding is observed on Pt3Co surfaces, as shown by the TDS curves in Figure 3 , even though they have pure Pt outer surfaces [19] . Photoemission spectra also show [19] a qualitatively similar valence band structure, indicating that d-band filling occurs in Pt3Co as in Pt3Ti. 8 The behavior of Pt3Sn surfaces towards co is qualitatively similar, and the valence band spectra are also very similar to those described above for Pt3Ti and Pt3Co. In one of the few in-situ studies of alloy catalysts, and the only one of its kind known to me, Gottesfeld and coworkers [27] used ellipsometry to determine the stability of P~-cr alloys when used as oxygen cathodes in acid electrolyte. As one might expect from the Pourbaix diagram for Cr, they found the surfaces to be unstable, with dissolution of cr leaving a roughened pure Pt surface, and an apparent enhancement of activity due to the roughness.
These studies of the behavior of the surfaces of bulk alloy metals clearly indicate the need for such studies in order to interpret the observed behavior of real catalysts, which can often produce "apparent" enhancements that are not truly interesting or of practical value.
III. Real Catalysts
Because catalysis is a surface effect, we try to achieve the highest possible surface area when we prepare the catalyst. Usually, this means the active phase is dispersed on a support, the most common example being Pt clusters dispersed on a conductive carbon black [23] . In the case of an alloy catalyst, by direct analogy, one would achieve the highest surface area by dispersing the alloy on a conductive support such as carbon. There are many examples of supported bimetallic electrocatalysts that have been used in fuel cells, in both anodes [1] and cathodes [24] .
It is now well-established practice in the literature of gas-phase heterogeneous catalysis to distinguish "supported bimetallic" catalysts from "supported alloy"
catalysts, since two metals may be present on the same support and not be alloyed [28] . If it is our intention to The review chapter by Kinoshita and Stonehart [29] provides an excellent background on procedures for preparing and characterizing supported metal catalysts. My purpose here is to extend that review to cover specifically multimetallic systems, and to do so by example of the study of the Pt-Ti and Pt-Co bimetallic systems, for which we have the advantage of having conducted the study of the surface chemistry of the bulk alloys in parallel to the study of the supported catalysts. We have used three techniques in It is also possible to use weak beam methods (33] in a TEM to determine particle shape even for crystallites on the order of 10 nm in size. We have used the atomic resolution microscopy to follow the growth of Pt crystallites on a carbon black support during vacuum annealing, and used the weak beam technique to determine the change in particle shape with size [34] .
Exa~ples from this study are shown in Figures 7 and 8 . In as-prepared form, Pt in the standard Pt fuel cell catalyst [35] is in the form of clusters of near-sphere shape with a narrow size distribution of 2 -3 nm diameter. Upon heating in-vacuum (10-6 torr), particle growth can be observed insitu occurring either by vapor phase transport or surface diffusion of atoms, i.e. no motion of crystallites, resulting in the formation of nearly perfect cuba-octahedral microcrystallites. This shape-size relation would cause a catalytic reaction to exhibit size dependent kinetics if the reaction were structure sensitive as appears to be the case of oxygen reduction [36] . 16 The problem of determining composition distribution among metal clusters dispersed on a support can be addressed using STEM, although there are relatively few examples of this in the literature. One from our laboratory is shown in can conduct the ex-situ EXAFS analyses before and after use in cells, and determine the effect of electrolysis on the alloy structure. Examples of such studies may be found in the reports by Beard and Ross [25, 26] . 17 Finally, there is the question of determining the surface composition of supported alloy crystallites/clusters, which is the most difficult, but most relevant,-information to obtain. For gas phase catalysts, the technique used most frequently is quantitative volumetric chemisorption [38] . The method is based on the selective chemisorption of a probe molecule on one of the constituent atoms of the surface. A classic example is carbon monoxide as the probe molecule, which is selectively chemisorbed by Pt in many Pt alloys, e.g. Pt-sn [39] .
Assuming that there is one CO molecule adsorbed on every surface Pt atom, the surface composition can be determined by measuring the volume of CO adsorbed, if the total number of surface atoms is known. The total number of surface atoms (the dispersion) has to be measured independently, e.g. by adsorption of a probe molecule tha~ adsorbs on all surface atoms. In the case of unsupported alloys, e.g. powders, the total number of surface atoms can be measured using nitrogen physisorption and the BET analysis [29] . For supported alloys, one needs two selectively adsorbing probe molecules, one that adsorbs on the alloy atoms but not the support atoms, and one that adsorbs only on one of the alloy atoms.
Examples of such pairs of molecules are H2/CO. and 02/CO. Changing the adsorption temperature can also be used to create selective adsorption, which is frequently the case when using co. For example, with supported Pt-Ru [40, 41] , the heat of adsorption of CO on Pt is ca. 10 kcaljmol higher than for Ru,.so that adsorption of co at a temperature just above the temperature for desorption of co from Ru produces selective adsorption on Pt atoms. Hydrogen atoms are 18 _adsorbed on both Pt and Ru surface atoms at room temperature, and at any temperature above ca. 100°K there is insignificant adsorption of either H2 or CO onto the carbon support. Hence, the H2/CO chemisorption method can be used to determine both the degree of dispersion of the alloy phase and the average surface composition of all the phases present [41] . The chemisorption method does not, however, distinguish between alloyed and unalloyed metal surfaces, it is simply a method of counting atoms at surfaces, and must be used in conjunction with the techniques described above to be certain one is measuring alloy surface ~ompositions.
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IV. Future Developments
The most active catalysts for methanol oxidation are multimetallic materials which may or may not be alloys. 4.
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TDS spectra for co at saturation coverage on {1) Pt 3 Ti{111) compared to (2) Pt{111). Adsorption on Pt3Ti was at a lower temperature to achieve same coverage as on pure Pt. Ref. [14] . (lower left) Secondary electron image of a Pt-co-Ni catalyst on a carbon black support. Pt:Co:Ni loadings in atomic ratios of 3:1:1.
(upper left) and (lower right) X-ray mapping images formed from Pt, Co, and Ni characteristic x-ray emission.
30 nm beam at 200 KeV. ..... 
